Merker is characterized by the appearance of numerous Harvard Medical School cytoplasmic autophagic vacuoles of the lysosomal ori-240 Longwood Avenue gin, followed by mitochondrial dilation and enlargement Boston, Massachusetts 02115 of the ER and the Golgi apparatus. Other hallmarks of apoptosis such as nuclear pyknosis and membrane blebbing may also occur later in autophagic death but Neurons may die as a normal physiological process are less prevalent. Autophagic cell death has been during development or as a pathological process in described in neurons during neuronal development diseases. The best-understood mechanism of neu-(Schweichel and Merker, 1973) and in association with ronal cell death is apoptosis, which is regulated by an neurodegenerative diseases (Petersen et al., 2001). Alevolutionarily conserved cellular pathway that conthough autophagy plays an important role in cellular sists of the caspase family, the Bcl-2 family, and the homeostasis, i.e., in the turnover of intracellular organadaptor protein Apaf-1. Apoptosis, however, may not elles and long-lived proteins, excessive autophagy has be the only cellular mechanism that regulates neuronal been proposed to cause cellular destruction. Increased cell death. Neuronal cell death may exhibit morphologlysosomal activity, which may or may not accompany an ical features of autophagy or necrosis, which differ increase in autophagy, has also been observed during from that of the canonical apoptosis. This review evalneuronal cell death associated with neurodegenerative uates the evidence supporting the existence of alterdiseases (Nixon and Cataldo, 1995). Although autophanative mechanisms of neuronal cell death and progic cell death has received increasing attention in recent poses the possible existence of an evolutionarily years, its molecular mechanism has been studied priconserved pathway of necrosis.
Figure 1. Apoptosis Pathways of C. elegans and Mammalian Cells
In living cells, mitochondrially localized Ced-9 binds to Ced-4, which prevents Ced-4 from activating Ced-3. In dying cells, the expression of egl-1 is induced. Egl-1 binds to Ced-9 to alleviate its inhibition of Ced-4. Ced-4 then translocates to the area around nucleus and activates Ced-3. The activation of Ced-3 is at least partially responsible for the mitochondrial release of Cps-6 and Wah-1, which may cooperate to induce DNA fragmentation. In mammalian cells, anti-apoptotic Bcl-2 family proteins and anti-apoptotic kinase Akt and ERK protect the mitochondrial integrity by inhibiting pro-apoptotic Bcl-2 family members. In dying cells, several pro-apoptotic members of Bcl-2 family (tBid, Dp-5, Bim, Bax, Bak, and BAD) may antagonize the anti-apoptotic Bcl-2 family proteins to induce mitochondrial damage. The subsequent release of cytochrome c from damaged mitochondria induces the formation of apoptosome by recruiting caspase-9 and Apaf-1. Active caspase-9 cleaves and activates caspase-3, which in turn cleaves a variety of cellular substrates including ICAD and allows CAD to induce DNA laddering. Apoptotically damaged mitochondria also release other factors, such as AIF and EndoG, to facilitate DNA fragmentation and Smac/Diablo to facilitate caspase activation.
pase-3 activation (Hakem et al., 1998) . Although the lack pase-3 Ϫ/Ϫ mice are less severe than those observed in apaf-1 Ϫ/Ϫ or caspase-9 Ϫ/Ϫ mice, it is generally assumed of Apaf-1 and caspase-9 both results in brain developmental defects, it is not yet clear whether the impacted that additional caspases, such as caspase-7, may carry out the execution of apoptosis in parallel with casareas are exactly identical, as a deficiency in Apaf-1 has been described to preferentially affect apoptosis in the pase-3 or that a compensatory mechanism is activated in caspase-3 Ϫ/Ϫ mice. mantal layer where differentiated neurons are localized (Cecconi et al., 1998), whereas caspase-9 deficiency In sum, apoptosis is a critical mechanism regulating neuronal cell number and proper connectivity in the dehas been shown to have a major effect in the numbers of immature neurons in the ventricular zone (Hakem et veloping nervous system. This is highlighted by the dramatic alterations in the central nervous system as a al., 1998). Clearly it will be beneficial to study these mutant mice side-and-side and with double mutants.
result of genetic deficiency in the core apoptotic machinery. These results suggest that apoptosis is crucial Active caspase-9 cleaves and activates short prodomain caspases such as caspase-3 and caspase-7, in regulating brain development. Although it is unequivocal that caspase-dependent which carry out the execution steps of apoptosis by cleaving many downstream substrates. For example, apoptosis plays an important role in regulating neuronal cell numbers during development, evidence is accumuthe cleavage of ICAD (inhibitor of caspase-activated DNAase) by caspase-3 results in the activation of CAD lating that neurons are also intrinsically capable of dying even when the canonical apoptotic mechanisms fail. For (caspase-activated DNAase), which leads to the formation of DNA ladder (Enari et al., 1998) . caspase-3 Ϫ/Ϫ mice example, apaf-1 deficiency was found insufficient to prevent death of embryonic peripheral neurons caused exhibit a genetic background-dependent perinatal lethality associated with excess neurons in the brain (Kuby the lack of trophic factor signaling in the TrkA Ϫ/Ϫ mice (Honarpour et al., 2001 ). This observation suggests that ida et al., 1996). Since the genetic defects of cas-Apaf-1-mediated caspase activation may not be ining agent. Since multiple reports suggested that NMDA excitatory neuronal cell death is at least partially casvolved in trophic factor deprivation-induced peripheral pase independent and AIF nuclear translocation was neuronal cell death and raises the possibility that periphobserved in the presence of caspase inhibitors, these eral neurons may be able to die through an alternative data suggest that AIF may be one of the mediators of caspase-dependent or caspase-independent mechacaspase-independent neuronal cell death. nism. Consistent with this proposal, Rakic and colWhile the data from cultured neurons are consistent leagues reported that apoptosis of spinal and cranial with a prodeath role of AIF, genetic analysis of a hypomotoneurons and DRG sensory neurons was normal in morphic allele of AIF in mice provided an unexpected apaf-1 Ϫ/Ϫ mice; furthermore, brainstem, spinal cord, and twist to this story. Ackerman's laboratory reported that peripheral ganglia in caspase-9 Ϫ/Ϫ and caspase-3 Ϫ/Ϫ emHarlequin (Hq), a mouse mutant with progressive agebryos and mice were also found to be remarkably norrelated degeneration of cerebellar and retinal neurons, mal, with no apparent increases in cell numbers (Oppenis caused by a proviral insertion in the first intron of the heim et al. , 2001 the metamorphosis of insects. In Drosophila, it was dent process regulated at least in part by BH3-only profound that the destruction of obsolete larval tissues such teins such as Bim and Dp5/Hrk, it is reasonable to proas midgets and salivary glands induced by pulses of pose that AIF is regulated by caspases under certain the steroid hormone 20-hydroxyecdysone (ecdysone) is apoptotic conditions. In C. elegans, the WAH-1 function accompanied by massive accumulation of lysosomes, is regulated by ced-3 caspase activity, as both its reas well as hallmarks of apoptosis, including DNA fraglease from mitochondria and its DNA degradation activmentation and caspase activation. Induction of key meity are at least partially dependent upon ced-3. Consisdiators of apoptosis in Drosophila, including the key tent with this proposal, the release of mammalian AIF regulators rpr and hid, caspases dronc and dcp-1, and has also been proposed to be regulated in part by casthe homolog of ced-4/Apaf-1, dark/ark, immediately pases ( Early loss of ATP synthesis, which might be the result It is important, however, to differentiate such naturally of a failure in homeostatic mechanism, is a salient feaoccurring necrosis from the type of cell death observed ture of necrosis. This is in contrast to the initiation of in vitro under nonphysiological conditions, also coman energy-dependent suicide mechanism such as apomonly referred as "necrosis," which may include rapid ptosis, in which a certain level of ATP synthesis is mainswelling and bursting of entire cellular content. Cells tained until late in the process. Although a failure in dying in the physiological context would certainly be homeostatic mechanism can be brought about by extereliminated quickly through engulfment by professional nal accidental events, specific internal self-destruct or nonprofessional engulfment cells and therefore unmechanisms may also be able to trigger it. Since necrolikely to burst as they may in tissue culture dishes. While sis is characterized by swelling of intracellular organnecrosis has been traditionally referred to as unreguelles, it is possible that the loss of ATP synthesis is a lated pathological cell death, increasing examples of direct consequence of mitochondrial swelling. cell death with necrotic features described under normal What may be the mechanism of the mammalian nephysiological and/or certain pathological conditions crotic cell death? An interesting parallel can be drawn suggest that at least in some instances necrosis may from the elegant work on necrotic cell death in C. elealso be a regulated cellular mechanism. Since we know gans. Members of the degenerin gene family of C. elevery little about the mechanism of necrosis, it is hard gans encode the subunits of the amiloride-sensitive epito come up with a precise definition of necrosis. We will thelial membrane sodium channel, in which some define necrosis here operationally as caspase-indepenmutations can cause necrotic neuronal degeneration dent cell death that occurs under certain normal physioincluding intracellular vacuolation and swelling. Most logical and pathological conditions. Although apoptosis and necrosis are mediated through conditions. For example, the "calpain-cathepsin" hydistinct pathways, the same insult can lead to either pothesis was proposed to explain necrotic cell death apoptosis or necrosis depending on its intensity, the after ischemic brain injury ( Caspase inhibitors have shown significant efficacy involved in executing mammalian necrosis are unclear, against apoptotic neuronal cell death induced by brain a direct involvement of lysosomes in necrosis must also ischemia; however, the majority of injured neurons in be viewed as tentative. However, taking an analogy from ischemic brains exhibit necrotic rather than apopto-C. elegans, we hypothesize that perhaps cytosolic catic features and are resistant to caspase inhibitors thepsin analogs are the targets of calpains in regulating (Moskowitz and Lo, 2003) . Apoptotic neurons are genermammalian necrosis.
ally localized to the penumbra of the stroke injury, which Intracellular Ca 2ϩ is implicated in regulating not only is preferentially affected by caspase inhibitors, whereas necrosis, but also apoptosis. Bax and Bak, two pronecrotic neurons are localized to the core. We speculate apoptotic members of the Bcl-2 family controlling mitohere that perhaps the extent of intracellular Ca 2ϩ rise chondrial integrity, also regulate the resting concentradetermines whether neurons undergo apoptosis or netion of Ca 
